The host cell-specific factor 1 gene (hcf-1) of the baculovirus Autographa californica nuclear polyhedrosis virus (AcMNPV) is required for the efficient replication and/or stability of reporter plasmids carrying an AcMNPV-derived origin of DNA replication in a cell-specific manner; hcf-1 is required for reporter plasmid replication or stability in TN-368 cells, a cell line derived from the cabbage looper Trichoplusia ni, but not in IPLB-SF-21 (SF-21) cells, a cell line derived from the fall armyworm Spodoptera frugiperda (A. Lu and L. K. Miller, J. Virol. 69:6265-6272, 1995). To further define the function of hcf-1, recombinant viruses with null mutations in hcf-1 were constructed in SF-21 cells and the phenotype of the mutants was determined in selected cell lines as well as in insect larvae. In S. frugiperda larvae and SF-21 cells, the phenotype of hcf-1 mutants was indistinguishable from that of wild-type AcMNPV. In T. ni larvae as well as T. ni-derived cell lines, hcf-1 mutants exhibited a mutant phenotype. In TN-368 cells, the replication of hcf-1 mutants was extremely impaired; the phenotype included a defect in viral DNA replication, late gene transcription, and virus production as well as a complete cessation of host and viral protein synthesis. In another cell line derived from T. ni, the BTI-TN5B1-4 cell line, the hcf-1 mutants exhibited a less severe phenotype. In T. ni larvae, the infectivity of the budded form of hcf-1 mutants was decreased significantly (50-fold), although no difference in the oral infectivity of the occluded form was observed. T. ni larvae infected with hcf-1 mutants by either oral or hemocoelic routes, however, died 20 to 30% more slowly than those infected with wild-type AcMNPV. These data indicate that there is a host-specific requirement for hcf-1 and that it exerts cell line-specific effects and possibly tissue-specific effects on the rate at which the virus replicates, thereby affecting the virulence of the virus in a species-specific manner.
Understanding the molecular basis controlling the host specificity of insect baculoviruses is of increasing importance in relation to the use of these viruses as biological components of insect pest management strategies (12) and the possible use of these viruses as vectors in human gene therapy (2, 15) . The most extensively studied baculovirus, Autographa californica nuclear polyhedrosis virus (AcMNPV), permissively infects at least six different lepidopteran species (1) , including the agronomically important cabbage looper Trichoplusia ni and fall armyworm Spodoptera frugiperda, and can infect at least 26 lepidopteran species in a semipermissive fashion (27) . Studies involving the inoculation of semi-and nonpermissive insect cells with AcMNPV reveal that this virus efficiently enters most insect cells and expresses genes under the control of insect or early viral promoters, but expression from late and very late promoters is increasingly inefficient (4, 24, 25) . Thus, the ability of AcMNPV to infect nonpermissive insect cells is not limited by the ability of the virus to enter the cells but is probably governed by the ability of early viral gene products to effectively interact with host cell factors which, in turn, influence the timing and extent of late viral gene expression. Since each of the cell lines tested differed in its ability to support viral DNA replication and expression from each promoter class (25) , it is likely that there are multiple factors which influence the ability of AcMNPV to establish a productive infection.
Two baculovirus genes are known to influence the ability of AcMNPV to replicate in specific host cells. The p35 gene of AcMNPV is an inhibitor of members of the ICE family of cysteine proteases (3, 34) and is required to suppress the apoptotic response of S. frugiperda cells to AcMNPV infection both in SF-21 cell lines (5, 6, 13) and in S. frugiperda larvae (6, 7) . In contrast, p35 is not required for successful AcMNPV infection of T. ni cells either in culture or in larvae (6, 13) . Thus, the ability of AcMNPV to block an apoptotic response of its host can effectively expand its host range, and the presence of p35 as well as its timely and efficient expression can be considered a host range-determining event during AcMNPV replication. A baculovirus gene with sequence similarity to DNA helicases, p143 (19) , has also been implicated in baculovirus host range determination (8, 22) . Although AcMNPV is restricted in its ability to replicate in a cell line (BmN4 cells) derived from the silkworm Bombyx mori, recombinants containing a segment of p143 from B. mori NPV in place of the homologous region of the AcMNPV p143 are able to replicate in BmN4 cells. The ability of this recombinant to infect B. mori larvae remains to be determined.
In addition to defining the viral genes required to transactivate expression of a late AcMNPV promoter in SF-21 and TN-368 cells, we have identified three additional baculovirus genes which potentially contribute to the host range of AcM NPV (21) . In SF-21 cells, a set of 18 baculovirus late expression factor genes (lefs) collectively transactivate expression from a plasmid containing a reporter gene under late viral promoter control in SF-21 cells (20, 30) . Three of these lefs, p35, ie-2, and lef-7, are not required for expression from the late reporter plasmid in TN-368 cells. The involvement of p35 in host range determination was established independently (vida supra), whereas the roles of ie-2 and lef-7 in host range determination remain to be established. Another AcMNPV gene, hcf-1, is involved in transactivation of the late reporter plasmid in TN-368 cells but not in SF-21 cells (21) . From transposable element insertion studies, hcf-1 appears to be nonessential for AcMNPV replication in SF-21 cells (10), but its cell line-or species-specific effects were not determined. Thus hcf-1 is the first gene to be identified which may be specifically required for replication in TN-368 cells but not in SF-21 cells. All five genes currently implicated in AcMNPV host range (i.e., hcf-1, ie-2, lef-7, p35, and p143) are involved in AcMNPV origin-activated reporter plasmid DNA replication (17, 20) , and it is likely that this is the basis for their involvement in transient expression from the reporter plasmid, because late baculovirus gene expression is dependent on DNA replication. In order to investigate the possible role of HCF-1 in AcM NPV host range and to define further its role in the infection process in TN-368 cells, we constructed null hcf-1 mutants of AcMNPV and examined the phenotype of these mutants in SF-21 and TN-368 cells as well as in S. frugiperda and T. ni larvae. We found that the hcf-1-minus mutants replicated normally in SF-21 cells and exhibited normal infectivity and virulence in S. frugiperda larvae. In contrast, replication of hcf-1 in TN-368 cells was severely defective, although an intermediate phenotype was observed for hcf-1 mutant infection of another cell line derived from T. ni, BTI-TN5B1-4. The hcf-1 mutants exhibited decreased virulence in T. ni larvae, regardless of the route of infection. A decrease in the infectivity (LD 50 [concentration of budded virus [BV] required to kill 50% of the insects]) of the hcf-1 mutants by hemocoelic injection was also observed in T. ni. These studies support the conclusion that hcf-1 affects AcMNPV replication in a cell line-specific and species-specific fashion.
MATERIALS AND METHODS
Viruses, cell lines, and insects. Wild-type AcMNPV (L1 strain) (18) and hcf-1 mutant viruses vhcf-1z and vhcf-1del were propagated in IPLB-SF-21 (SF-21) cells (32) as previously described (26) . SF-21 cells and TN-368 (14) and BTI-TN5B1-4 (33) cells were cultured at 27ЊC in TC100 medium (GIBCO BRL Laboratories, Gaithersburg, Md.) supplemented with 10% fetal bovine serum and 0.26% tryptose broth (26) . S. frugiperda and T. ni eggs were kindly provided by W. Deryck Perkins (Agricultural Research Service, U.S. Department of Agriculture, Tifton, Ga.) and Mark Harmon (Abbott Laboratories, Chicago, Ill.), respectively. Larvae were reared in individual cups of artificial diet (26) at 27ЊC under a 14-h-10-h light-dark cycle.
Construction of hcf-1 mutant viruses. In order to generate recombinant viruses with null mutations in hcf-1, two transfer vectors were constructed. pORF70z was constructed by digesting pHS70lacZ (23) with BamHI, which releases a cassette containing Escherichia coli lacZ under control of the Drosophila melanogaster hsp70 promoter. The BamHI ends were filled in with the large fragment of DNA polymerase I (Klenow), and the resulting cassette was ligated into the two adjacent Klenow-repaired NdeI sites within hcf-1 in pXABgE3.6 (21) . pORF70z contains lacZ in the same orientation as hcf-1 inserted between amino acids 48 to 52 of the putative gene product HCF-1.
pORF70del was constructed by digesting pXABgE3.6 with NdeI and partially with SalI, repairing the ends with the large fragment of DNA polymerase I (Klenow) and religating it, resulting in a 462-bp deletion corresponding to a deletion between amino acids 48 to 202 of HCF-1.
vhcf-1z was constructed by lipofectin-mediated cotransfection (26) of pORF70z with L1 DNA in SF-21 cells and subsequent identification of potential recombinants by screening for a blue plaque phenotype in the presence of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) in the overlay. vhcf1del was constructed by cotransfection of pORF70del with vhcf-1z DNA. Recombinants containing a deletion in hcf-1 were identified by a white plaque phenotype in the presence of X-Gal in the overlay. All recombinant viruses were plaque purified three times on SF-21 cells, and correct recombinants were identified by restriction enzyme analysis of purified viral DNA.
Protein pulse labeling. SF-21 or TN-368 cells (10 6 cells) were either mock infected with TC100 or infected with wild-type AcMNPV, vhcf-1z, or vhcf-1del at a multiplicity of infection (MOI) of 20 PFU per cell. After a 1.5-h adsorption period, at zero hours postinfection (p.i.), the virus inoculum was removed and replaced with complete TC100. The complete TC100 medium was exchanged for incomplete TC100 medium deficient in methionine and cysteine 1 h before a chosen time p.i. At the time p.i., 25 Ci per plate of [
35 S]Trans-label (New England Nuclear, Boston, Mass.) was added to the medium and the cells were labeled for 1 h, after which the cells were washed with incomplete TC100 and resuspended in 100 l of sample loading buffer as previously described (26) . Five microliters of each sample was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% polyacrylamide gels after fluorography (26) . Dot blot analysis of total cell DNA. SF-21 or TN-368 cells (10 6 cells) were infected at an MOI of 20 PFU per cell with wild-type AcMNPV, vhcf-1z, or vhcf-1del. At the designated times p.i., 10 4 cells were pelleted by centifugation at 10,000 ϫ g for 10 min. The cell pellet was resuspended in 500 l of 0.4 M NaOH-10 mM EDTA, heated at 100ЊC for 10 min, and dot blotted onto a Zeta Probe nylon membrane (Bio-Rad, Richmond, Calif.), using a Biodot apparatus (Bio-Rad) under vacuum. Wells were rinsed with 0.4 M NaOH, the samples were allowed to dry under vacuum, and the membrane was rinsed briefly in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The membrane was air dried, and the DNA was UV-cross-linked to the membrane with an IBI ultralinker 700 (Eastman Kodak Co., New Haven, Conn.) and hybridized to radiolabeled AcMNPV DNA. Quantitation was performed by using the Molecular Dynamics PhosphorImager 4000 (Molecular Dynamics, Sunnyvale, Calif.). Northern (RNA) blot analysis. Total RNA from mock-, wild-type-, or vhcf1del-infected SF-21 or TN-368 cells was isolated by using TRI reagent (Molecular Research Center Inc., Cincinnati, Ohio) according to the manufacturer's instructions. Twenty micrograms of total RNA was denatured by glyoxalation, loaded onto a 1.2% agarose gel, and transferred onto Zeta Probe membranes (Bio-Rad). The blot was hybridized to a radiolabeled probe corresponding to an internal fragment of the vp39 late capsid protein gene of AcMNPV.
Virus growth curves. SF-21 or TN-368 cells (2.0 ϫ 10 6 cells per plate) were infected with wild-type AcMNPV, vhcf-1z, or vhcf-1del at an MOI of 20 PFU per cell. After a 1.5-h adsorption period (zero hour p.i.), the inoculum was removed and the cells were washed two times with TC100 and replaced with 4 ml of TC100 complete. Culture medium (500 l) was harvested at 0, 6, 12, 24, 48, and 72 h p.i. and stored at 4ЊC until the harvest at 72 h p.i. was completed. Titers for each virus were determined by plaque assay on SF-21 cells (26) .
Larval bioassays. The LC 50 (concentration of occluded viruses required to reach 50% larval mortality) and the LT 50 (mean time required to reach 50% larval mortality) of wild-type, vhcf-1z, and vhcf-1del were determined by using neonate S. frugiperda and T. ni larvae as previously described (31) . Five virus concentrations ranging from 1.0 ϫ 10 3 to 5.0 ϫ 10 6 polyhedra per ml were tested on 60 insects per dose per virus. Data were subjected to Probit analysis (9) for LC 50 determinations and ViStat analysis (16) for LT 50 determinations.
The LD 50 and LT 50 were determined with larvae from the penultimate larval instar (fourth instar for T. ni and fifth instar for S. frugiperda). Different doses of BV were injected into the hemocoel of 30 insects per dose per virus. Larvae were scored for death at regular intervals until all larvae were dead or had pupated.
RESULTS

Construction of an hcf-1 deletion mutant, vhcf-1del, and its phenotype in SF-21, TN-368, and BTI-TN5B1-4 cell lines.
Our previous research on hcf-1 suggested that hcf-1 mutants would be viable in SF-21 cells but would be nonviable in TN-368 cells. Thus, we constructed hcf-1-minus mutants in SF-21 cells. The first of these, vhcf-1z ( Fig. 1) , contained the E. coli lacZ gene within the hcf-1 coding region between amino acids 48 and 52 of HCF-1. This virus facilitated the construction of a 462-bp deletion mutant, vhcf-1del (Fig. 1) , in which amino acids 48 to 202 of HCF-1 were eliminated (see Materials and Methods).
No significant differences were observed among SF-21 cells infected with vhcf-1z (data not shown), vhcf-1del, or wild-type AcMNPV with respect to number of cells infected, number of occlusion bodies present in the nuclei of infected cells, or the timing of occlusion body formation (Fig. 2 , compare panels A, B, and C with D, E, and F). In contrast, the majority of vhcf-1z-(data not shown) and vhcf-1del-infected TN-368 cells showed no occlusion body formation at 24, 48, or 72 h p.i., although cytopathic effects (i.e., cell rounding and enlarged cells) were clearly visible (Fig. 2 , compare panels G, H, and I with panels J, K, and L). A low proportion of TN-368 cells (less than 1%) did support replication of vhcf-1z and vhcf-1del, as evidenced by the formation of polyhedra, although only a few polyhedra were observed in those cells (Fig. 2, panel L) . These results with hcf-1-minus mutants support our previous transient expression data showing that HCF-1 exerts its effect in TN-368 cells but not in SF-21 cells (21) .
We also tested another cell line, BTI-TN5B1-4 also known as Hi5 cells, derived from T. ni eggs (33) to determine whether this effect of hcf-1 extended to other T. ni cell lines. BTI-TN5B1-4 cells were infected with either wild-type AcMNPV (Fig. 2M, N, and O) or vhcf-1del (Fig. 2P , Q, and R) and were monitored for the presence of occluded virus at 24, 48, and 72 h p.i. At 24 h p.i., approximately 75% of the wild-typeinfected cells were beginning to show polyhedron formation and by 48 h p.i. all these cells were packed with polyhedra ( Fig.  2M and N) . In contrast, polyhedra were not observed in vhcf1del-infected cells at 24 h p.i. and by 48 h p.i., only about 40% of the cells showed signs of polyhedron formation ( Fig. 2P and  Q) . At 72 h p.i., about 95% of the vhcf-1del-infected BTI-TN5B1-4 cells contained polyhedra, but they were morphologically different than those found in wild-type-infected cells and there was variability in the numbers of polyhedra found in each cell (Fig. 2 , compare panel O with R).
vhcf-1del-infected TN-368 cells are defective in late and very late viral polypeptide production. Since little or no occlusion body formation was observed in vhcf-1del-infected TN-368 cells, we investigated the nature of the block to replication by examining the temporal expression of viral polypeptides in both TN-368 and SF-21 cells infected with either wild-type AcMNPV (Fig. 3A) or vhcf-1del (Fig. 3B) . A similar pattern of protein synthesis was observed in both SF-21 and TN-368 cells infected with wild-type AcMNPV (Fig. 3A) . Two predominant early proteins of approximately 33 and 37 kDa were induced at 6 h p.i. and were maximally abundant at 12 h p.i.; their synthesis declined thereafter until they were no longer detected by 18 to 24 h p.i. These proteins have been previously characterized as early proteins (11, 28) . Late proteins such as the vp39 capsid protein (42 kDa) were present by 12 h p.i. and continued to be synthesized until 48 h p.i. Polyhedrin (31-kDa) synthesis was observed as early as 18 h p.i. and represented the major protein synthesized in infected cells between 24 and 48 h p.i. A shutoff of host protein synthesis was observed between 12 and 18 h p.i.
The protein synthesis profiles of viral polypeptides in vhcf1del-infected SF-21 cells were similar to those found in wildtype-infected SF-21 cells; however, there was a marked difference in the protein profiles in TN-368 cells (Fig. 3B) . While early protein synthesis (i.e., presence of 33-and 37-kDa polypeptides) appeared to be normal, TN-368 cells failed to support the synthesis of late or very late viral proteins. The absence of detectable levels of capsid protein in these cells was confirmed by Western immunoblot analysis, using an antibody directed against VP39 (data not shown). In addition, by 18 h p.i. both viral and host protein synthesis ceased.
The defect in late gene expression is at the level of transcription. We examined whether the absence of late and very late proteins in vhcf-1del-infected TN-368 cells was at the level of transcription or translation. We chose to examine the steadystate mRNA levels of a representative late gene, vp39, encoding the major capsid protein (29) . Northern blot analysis of total cell RNA isolated from SF-21 or TN-368 cells infected with either wild-type AcMNPV (Fig. 4A) or vhcf-1del (Fig. 4B ) at various times p.i. showed that in wild-type AcMNPV-and vhcf-1del-infected SF-21 cells a 2.1-kb RNA was first detected by 12 h p.i., reached maximal steady-state levels by 24 h p.i., and declined by 48 h p.i. A similar temporal expression pattern was observed previously for the capsid gene (6, 29) . No differences in capsid gene RNA levels or temporal expression patterns were detected in AcMNPV-infected TN-368 cells. In contrast, no vp39 transcripts were detected in TN-368 cells infected by vhcf-1del, indicating that the defect in late gene expression was at the level of steady-state levels of mRNA. In contrast, the levels of the transcript of an early gene, lef-3, were similar in wild-type-and vhcf-1del-infected TN-368 cells (data not shown); thus, the block in transcription appears to be exerted selectively on late transcripts.
Effects of hcf-1 on viral DNA replication. Since late and very late gene expression is dependent on viral DNA replication, we examined the amount of viral DNA present in both cell lines at various times p.i. (Fig. 5) . In SF-21 and TN-368 cells infected with wild-type AcMNPV, an increase in viral DNA levels was detected at 12 h p.i., reached maximal levels at 24 h p.i., and remained essentially unchanged for the remainder of the infection (Fig. 5, compare lane 1 with 2) . No significant differences in levels of viral DNA were detected between AcMNPVand vhcf-1del-infected SF-21 cells (Fig. 5, compare lane 1 with  3) . In vhcf-1del-infected TN-368 cells, viral DNA replication was delayed and overall levels of viral DNA were approximately 10-fold lower than that detected in vhcf-1del-infected SF-21 cells (Fig. 5, compare lane 3 with 4) . This cell linespecific reduction in vhcf-1del DNA levels suggests that disruption of hcf-1 compromises AcMNPV DNA replication. This supports our previous conclusions concerning HCF-1 function based on transient DNA replication studies (20) .
Analysis of BV yields in mutant-infected cells. The cell linespecific effects of hcf-1-minus mutants on viral DNA replication and late and very late gene expression suggested that disruption of hcf-1 would dramatically affect BV production in TN-368 cells. To assess the effect of hcf-1 disruption on BV yields, cell culture media from cells infected with wild-type or hcf-1-minus mutants at an MOI of 20 were sampled at various times p.i. and titers were determined by plaque assay on SF-21 cells (Fig. 6A) . In SF-21 cells the titers of all three viruses were similar at each time p.i. tested, with titers ranging from about 2.0 ϫ 10 5 PFU/ml at 12 h p.i. to titers of about 2.0 ϫ 10 8 PFU/ml by 48 h p.i. (Fig. 6A) . The yield of wild-type virus from SF-21 cells was essentially identical to the yield of virus at each time point in TN-368 cells (Fig. 6B ), but the yields of mutant viruses from TN-368 were consistently lower than those of the wild type and the small increase observed in the titers was delayed (Fig. 6B) , consistent with the 12-h delay observed in hcf-1-minus mutant viral DNA replication (Fig. 5) . The titers of mutant viruses only reached a maximum between 5.0 ϫ 10 5 to 1.0 ϫ 10 6 PFU/ml during the time course (Fig. 6B) , indicating that disruption of hcf-1 reduced BV production in TN-368 cells by approximately 100-fold.
Effect of hcf-1 disruption on the virulence and infectivity of AcMNPV. The phenotype of hcf-1 mutants in SF-21, TN-368, and BTI-TN5B1-4 cells indicated that hcf-1 has a cell linedependent effect on AcMNPV replication but did not fully address the question of whether hcf-1 is species specific. To investigate the properties of the hcf-1 mutant at the organismal level, we determined the effect of hcf-1 on virus virulence and infectivity in both T. ni and S. frugiperda larvae. The LC 50 and LT 50 of the wild type, vhcf-1z, and vhcf-1del were compared for oral infection of S. frugiperda and T. ni neonates with polyhedra (Tables 1 and 2 , respectively). Larvae were fed a diet containing selected concentrations of polyhedra from the three different viruses for 24 h, transferred to an uncontaminated diet, and monitored over the course of infection for mortality at various times p.i. and for the total number of dead larvae after a 10-day period.
The LC 50 for all three viruses in either S. frugiperda or T. ni larvae were similar within experimental errors (Table 1) and were approximately 100-fold higher in S. frugiperda than in T. ni larvae. The increased resistance to infection of S. frugiperda has been reported previously (7) . Thus, disruption of hcf-1 did not appear to affect the infectivity of AcMNPV by the oral route of infection.
The effects of disrupting hcf-1 on the virulence of AcMNPV were also assessed by determining the LT 50 of each virus in both species. As seen in Table 2 , both hcf-1-minus mutants 
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EFFECTS OF hcf-1 ON AcMNPV VIRULENCE 5127 behaved similarly to wild-type AcMNPV in S. frugiperda larvae, with an LT 50 of about 120 h. Although both mutants had slightly lower LT 50 s than did the wild type, this difference was within experimental error. In contrast, vhcf-1z and vhcf-1del exhibited a 20 to 30% increase in LT 50 s relative to wild-type virus in T. ni larvae. This increased time to mortality observed in T. ni larvae but not in S. frugiperda larvae indicates that disruption of hcf-1 affects the virulence of AcMNPV in a hostdependent manner and is consistent with the delay in viral replication observed in BTI-TN5B1-4 cells. The LD 50 s and LT 50 s of the budded forms of wild-type AcMNPV and vhcf-1del were also compared in S. frugiperda and T. ni larvae. Insects in their penultimate larval instar were injected hemocoelically with various doses of BV of either wild-type AcMNPV or vhcf-1del, and total mortality was determined for each dose once all larvae had either died or pupated. No significant differences were found between the LD 50 s of each virus in S. frugiperda larvae (Fig. 7A) ; however, the LT 50 of vhcf-1del by hemocoelic injection was about 30% longer than that for wild-type AcMNPV in T. ni, but there were no differences in the LT 50 s observed for the wild type and hcf-1 mutants in S. frugiperda ( Table 3 ), results that are consistent with the results obtained by oral infection. Together, these results indicate that the differential response of cell cultures to infection by hcf-1-minus mutants can also be observed at the organismal level and these effects are species specific.
DISCUSSION
We have demonstrated that hcf-1 mutants affect AcMNPV replication in a cell line-specific and a species-specific manner. Our results with these mutant viruses are remarkably similar to our observations concerning hcf-1 using transient replication and expression assays; we have previously shown that hcf-1 is differentially required for late gene expression from a reporter plasmid in TN-368 but not in SF-21 cells and that this effect is mediated at the level of reporter plasmid DNA replication or stability (21) . Disruption of hcf-1 within the context of the virus also affected late and very late gene expression and reduced viral DNA replication in TN-368 cells. This was accompanied by a complete cessation of host and viral protein synthesis at 18 h p.i., a 100-fold reduction in BV production, and the virtual absence of occluded virus production in this cell line but not in SF-21 cells. A milder phenotype for the hcf-1 mutants is observed in BTI-TN5B1-4 cells; the replication of hcf-1 mutants is significantly delayed in this cell line, but occluded viruses are observed in the majority of the cells by 72 h p.i.
The phenotype observed for hcf-1 mutants in cell culture is also remarkably reflective of the phenotypes of the mutants in the corresponding insect species. The delay in DNA replication and the reduction in BV production observed in TN-368 cells but not in SF-21 cells is consistent with a decrease in the virulence (LT 50 ) of hcf-1-minus mutants in T. ni but not in S. frugiperda larvae. Similarly, the infectivity (LD 50 ) of the budded form of vhcf-1del is 50-fold lower than that of the wild type in T. ni but not in S. frugiperda larvae, consistent with the observations of decreased BV yield and cessation of protein synthesis in mutant-infected TN-368 cells. One unexpected observation, however, is that the infectivity (LC 50 ) of the occluded form of hcf-1 mutants is similar to that of the wild type in T. ni neonates. One explanation of this observation could be that the midgut cells at the primary site of occluded virus infections are more similar to BTI-TN5B1-4 than TN-368 cells in their requirement for hcf-1 and support of hcf-1 mutant replication albeit at a slower rate of replication. In contrast, the hemocytes encountered upon injection of BV into the hemolymph may be more similar to TN-368 than BTI-TN5B1-4 cells in their requirement for hcf-1 and thus exhibit a reduced infectivity. The origins of the different cell lines give little insight into the observed phenotypes: SF-21 cells and TN-368 cells were derived from pupal and adult ovarian tissue, respectively, while BTI-TN5B1-4 cells were derived from eggs. Our results with hcf-1 suggest that the BTI-TN5B1-4 cell line might be more reflective of the organismal response than TN-368 cells, but the generality of this observation will need to be broadened by studies with other virus genes. Consistent with this view is the observation that the yield of occluded virus from S. frugiperda or T. ni larvae that were successfully infected with either wild-type AcMNPV or hcf-1 mutants was similar (data not shown). It is noteworthy that the virulence of the virus is affected to a similar degree by infection by either route and that a 24-h delay in cell culture replication in BTI-TN5B1-4 cells corresponds to a 20 to 30% increase in the LT 50 of the virus.
Because the LC 50 of hcf-1 mutants is similar to that of wild-type virus by the oral infection route, the question of whether hcf-1 can be considered a host range determinant of AcMNPV becomes more complex. The hcf-1 mutants would be at a severe selective disadvantage during a natural epizootic in T. ni larvae since they replicate so slowly. However, if the major means of AcMNPV propagation in nature is through oral infection, then hcf-1 is not a host range determinant per se. It may also be noteworthy that in S. frugiperda larvae, p35 mutants have a much stronger effect on the infectivity of BV (1,000-fold) than on that of occluded virus (ca. 25-fold) and that the latter (but not the former) difference can be virtually eliminated by the deletion of both p35 and p94 (7) . At the current time, the best explanation for these results invokes the concept of tissue-specific differences in the requirements for genes. The differences in the BTI-TN5B1-4 and TN-368 cell responses may reflect these tissue-specific effects. But the difference between SF-21 and the T. ni-derived cell lines clearly reflects a species-specific effect of hcf-1. Although the question of whether hcf-1 is a host range determinant remains moot, it is clear that hcf-1 is a species-specific virulence factor.
The shutoff of all protein synthesis in hcf-1-minus mutantinfected TN-368 cells by 18 h p.i. is a striking effect that may provide an additional clue to HCF-1 function. Selectively blocking DNA replication by using the DNA polymerase inhibitor aphidicolin effectively blocks viral DNA replication and late gene expression, but early protein synthesis continues (28); a similar effect is observed with a temperature-sensitive mutant defective in p143 function (11) . Thus, a global shutoff of protein synthesis does not occur when DNA replication is simply FIG. 7 . Dose-mortality response of penultimate instar S. frugiperda (A) or T. ni (B) larvae to infection by wild-type AcMNPV (closed circles) or vhcf-1del (open circles) by hemocoelic injection. Various doses of BV were injected into 30 larvae per dose and mortality resulting from virus infection was monitored daily. Percent mortality was determined by dividing the number of dead larvae by the total number of larvae when all larvae were either dead or pupated. Larvae dying from injection trauma were not included in the calculations. The percent mortality was calculated with at least 25 insects per dose (number not dying from injection trauma). blocked. The effect is reminiscent of a cellular antiviral defense strategy; mutations in the antiapoptotic p35 gene, for example, cause a similar shutoff in SF-21 cells (6, 13) . It is unlikely that the shutoff in hcf-1-infected TN-368 cells is due to apoptosis, because there are no overt signs of apoptosis in these cells (data not shown). However, the shutoff triggered by hcf-1 mutants may involve a common cellular mechanism which is also invoked by the apoptotic pathway. Although the reduction in the level of replicated hcf-1 mutant viral DNA in TN-368 cells suggests that HCF-1 is necessary for normal DNA replication and late gene expression, HCF-1 probably has an indirect role in these processes. The involvement of HCF-1 in late gene expression is most likely related to the dependence of late gene expression on viral DNA replication. Because the loss of HCF-1 does not simply block DNA replication but also results in a cessation of protein synthesis, it is unlikely that HCF-1 is simply a part of the DNA replication machinery. It is more likely that HCF-1 is involved in maintaining the cell in a state conducive to viral DNA replication (e.g., preventing the cell from shutting off protein synthesis). If HCF-1 is an integral part of the DNA replication machinery, one would predict that S. frugiperda constitutively expresses a factor which can substitute for HCF-1 in the replication process. If HCF-1 primarily maintains the cell in a permissive state for viral DNA replication and protein synthesis, then S. frugiperda cells either lack this form of antiviral defense or AcMNPV does not trigger the antiviral defense system when replicating in S. frugiperda cells. A similar type of effect is observed for p35 mutants in T. ni cells.
The in vitro and in vivo results with hcf-1 mutants show that HCF-1 is a species-specific virulence factor of AcMNPV. The existence of such species-specific factors in baculovirus genomes implies that the ability of the viruses to infect alternate species may be an important aspect of their natural life history. Manipulation of such genes may allow the control of their distribution in nature. Whether HCF-1 contributes to AcM-NPV replication in other lepidopteran species is currently not known. The cell line-specific effects of hcf-1 on AcMNPV replication highlights the importance of testing mutants in multiple cell lines and in multiple insect species.
